Background: Age, sex, and renal function contribute to variations in plasma concentrations of B-type natriuretic peptide (BNP) and its molecular precursor (proBNP). Recent studies indicate that anemia may also affect proBNP concentrations in patients with heart failure or stroke. However, the impact of hemoglobin status on proBNP concentrations has not been established in the general population. Methods: In the 4th examination in the Copenhagen City Heart Study, we performed a nested case-control study of 6238 individuals from a Danish general population. Of these, 3497 randomly selected participants also underwent an echocardiographic examination. The population was stratified into groups depending on health and hemoglobin status. Correlations between hemoglobin and proBNP concentrations were examined by simple and multiple regression analyses, adjusted for variables known to influence the proBNP plasma concentration. Results: The mean proBNP concentration was increased 1.7-fold in the group with anemia vs the nonanemic group [mean (SD) 42 (45) pmol/L vs 25 (29) pmol/L, P <0.0001, n ‫؍‬ 5892]. Multiple regression analysis confirmed an independent effect of hemoglobin on proBNP concentrations. In a selected subgroup without signs or symptoms of heart disease (n ‫؍‬ 2855), lower hemoglobin concentrations, defined as <120 g/L in women and
proBNP measurement, perhaps most frequently for elderly patients, in whom diffuse symptoms (discomfort, shortness of breath, fatigue) can be signs of both anemia and cardiac disease. We examined the relationship between hemoglobin and proBNP concentrations in the general population (n ϭ 5892). In addition, we assessed the association between proBNP concentrations and hemoglobin status in selected individuals (n ϭ 2855) with healthy left ventricular systolic function and without a history of heart disease.
Materials and Methods study population
This was a nested case-control study within a prospective general population study, the Copenhagen City Heart Study (16, 17 ) . A random sample of 19 329 citizens living in a defined area of Copenhagen City was drawn from the Danish Central Population Register and invited to take part in the first examination in 1976 -1978. The sample was stratified by sex and age (5-year strata from the age of 20 years) with the main emphasis on the age group from 35 to 69 years. At the 4th examination (2001) (2002) (2003) , the study population consisted of participants from the previous examinations (n ϭ 11 600), supplemented by a random sample of individuals from the younger age strata (n ϭ 1000). A total of 12 600 individuals were invited and 6238 participated (49.5%); of these, 3497 (56.1%) randomly selected participants underwent an echocardiographic examination. The population was evaluated in 2 different settings: First, all participants with valid biochemical measurements (population 1) were analyzed and described according to their hemoglobin status. Second, individuals without echocardiographic examination, with left ventricular systolic dysfunction (defined as left ventricular ejection fraction Յ50%), or with a history of ischemic heart disease, cancer, or diabetes were excluded; the remaining participants were then analyzed as population 2. The study was performed in accordance with the 2nd Helsinki Declaration and approved by the Danish Ethical Committee (no. 100.2039/ 91). All participants gave informed consent.
health examination
We measured blood pressure with a sphygmomanometer on the left upper arm of seated patients after they had rested for 5 min while seated. We obtained information on ischemic heart disease and diabetes; ischemic heart disease was defined as either major ischemic electrocardiogram alterations (defined by Minnesota codes 1.1-3) or a history of hospital admission due to acute coronary artery occlusion, percutaneous coronary intervention, or coronary artery bypass grafting. Diabetes was defined as self-reported disease, use of antidiabetic medicine, or a nonfasting plasma glucose concentration Ն11.1 mmol/L. Body mass index (BMI) was calculated as weight divided by height squared. Anemia was defined according to the WHO guidelines as blood hemoglobin Ͻ120 g/L for women and Ͻ130 g/L for men (18 ) . Anemia in chronic disease (ACD) was defined as anemia in individuals with known chronic disease (e.g., cancer) or a plasma C-reactive protein concentration Ͼ30 mg/L (19 ) . IDA was defined as a transferrin saturation ratio Ͻ0. 15 (20 ) . Anemia of unknown cause was defined as anemia without any of the above criteria.
echocardiography
Three experienced echo technicians using GE Vingmed Ultrasound's Vivid Five with a 2.5-MHz probe (GE Vingmed Ultrasound) performed all echocardiographic examinations as described (4 ) . All echocardiograms were examined offline by 1 expert using the EchoPAC software version 6.4.3f1 (GE Medical). The 16 standard segments, as suggested by the American Society of Echocardiography (21 ), were used for evaluation of left ventricular ejection fraction (22) (23) (24) .
laboratory analyses
We obtained nonfasting blood samples for measurement of plasma creatinine, hematologic features, and proBNP. Hematologic features, including erythrocyte mean corpuscular volume and mean corpuscular hemoglobin concentration, were measured by use of an Advia 120 (Bayer). Creatinine was analyzed on a Kone 60 (ILS). Blood samples for measurement of plasma proBNP were collected in EDTA-containing vacutainers and immediately centrifuged. The plasma was stored at Ϫ70°C until analysis. ProBNP was measured with a processing-independent assay as described previously (25 ) . This assay quantifies both the N-terminal proBNP (NT-proBNP) 1-76 fragment and the intact precursor (proBNP 1-108) with equimolar affinity. All measurements were performed in duplicate. The interassay imprecision (CV) was 23% at 38 pmol/L, 11% at 76 pmol/L, and 7% at 152 pmol/L (n ϭ 62) (4 ) . Comparison of the processing-independent proBNP assay with the commercial Roche Modular NTproBNP method (n ϭ 385) revealed correlation data of r 2 ϭ 0.91 and P Ͻ0.0001, with a mean 1.7-fold difference in molar concentrations.
statistical analysis
Plasma proBNP concentrations were positively skewed and logarithmically (log 10 ) transformed before analysis. We performed comparisons between groups by use of independent sample t-test using the Levene test for equality of variances and comparison between age groups by use of ANOVA. We examined associations with covariates by linear regression analysis. We used Pearson correlation coefficients to estimate correlation of proBNP concentrations with covariates. For evaluation of the association between different variables and the proBNP concentration, we performed multiple regression analysis using a model including sex, age, creatinine, BMI, systolic and diastolic blood pressure, and hemoglobin. The percentage of contribution to the variation in proBNP con-centrations was calculated on the basis of the sum of squares from an ANOVA. P values Ͻ0.05 on 2-sided tests were used as the level of significance. The statistical analysis was performed with SPSS 13.0 and STATA 9.2.
Results
Of the 6238 individuals who entered the study, 5892 were in population 1 and 2855 were in population 2. Population 1 was divided by hemoglobin status into the following groups: ACD (n ϭ 61), IDA (n ϭ 74), anemia of unknown cause (n ϭ 208), and no anemia (n ϭ 5549). The characteristics of the subgroups are shown in Table 1 . Individuals with ACD and anemia of unknown cause were older than the individuals in the other groups (P Ͻ0.0001). The group with IDA had lower hemoglobin concentrations, mean corpuscular volume values, and iron content compared with the other anemic groups. Creatinine concentrations were higher in individuals with anemia of unknown cause. As shown in Fig. 1 , plasma proBNP concentrations were 1.7-fold higher in the group with anemia compared with the nonanemic group (1.8-fold in ACD, 1.6-fold in IDA, and 1.7-fold in anemia of unknown cause; all P Ͻ0.0001). In general, proBNP concentrations increased exponentially with age, but when stratified according to age, proBNP concentrations for the anemic subgroups were still slightly increased compared with the nonanemic group (Fig. 2) . Pearson correlation coefficients showed that all parameters were significantly correlated to plasma proBNP concentrations in the nonanemic population (Table 2 ). In the anemic subgroups, correlations were significant for age, creatinine (not ACD), and systolic blood pressure as expected, whereas the hemoglobin concentration did not correlate with proBNP concentrations because of preselection associated with this parameter.
Multiple regression analysis in the adjusted model showed that all factors known to influence plasma proBNP concentration, including hemoglobin concentration, were significant effectors in the nonanemic population (Table 3 ). In the anemic group, only age (all anemic subgroups), diastolic blood pressure in the group with ACD, and creatinine in the group with anemia of unknown cause significantly affected the proBNP concentration. Sums of squares showed that age contributed most to the variation in proBNP, but creatinine (3.7% in the group with anemia of unknown cause) and diastolic blood pressure (8.8% in the group with ACD) also contributed significantly. Hemoglobin status contributed significantly in the nonanemic group (0.4%).
Population 2 comprised 1627 women and 1228 men. Hemoglobin concentrations were 135 (9 ) g/L in women and 148 (9 ) g/L in men (P Ͻ0.0001). Iron status parameters (iron, transferrin, mean corpuscular hemoglobin concentration) differed significantly between men and women, but differences in absolute values were small (Table 1) . ProBNP concentrations were 25 (25 ) pmol/L in women and 19 (27 ) pmol/L in men (P Ͻ0.0001). Overall, plasma proBNP concentrations correlated with age for both sexes (P Ͻ0.0001). The population was divided according to age (Ն and Ͻ50 years) for both sexes, and linear regression analysis of concentrations of proBNP and hemoglobin led to low R 2 values for all groups (0.012 for women Ͻ50 years of age; 0.017 for women Ն50 years of age; 0.001 for men Ͻ50 years of age; 0.042 for men Ն50 years of age). However, when patient data were divided into 3 age groups: Ͻ50 years, Ն50 and Յ70 years, and Ͼ70 years, as recently reported (4 ), Pearson correlation coefficients showed that the proBNP concentrations were correlated to hemoglobin in all 3 age strata (data not shown).
Multiple regression analysis in the adjusted model showed that the plasma proBNP concentration was significantly correlated with the hemoglobin concentration as well as to variables already known to affect the proBNP concentration (Table 4) . Overall, proBNP concentrations were approximately 2 pmol/L higher when the hemoglobin concentration decreased approximately 10 g/L, corresponding to a 0.6% contribution to the overall variation in proBNP concentration. For comparison, the proBNP concentration increased 5 pmol/L per age decade (a 6.3% contribution to the overall variation).
Discussion
In this study, we identified a significant correlation between hemoglobin status and proBNP concentrations in the general population, with a 1.7-fold increase in proBNP concentrations in anemic individuals. In the overall population, however, hemoglobin concentration contributed only marginally to the total variation in the proBNP concentrations. Our study thus reveals a correlation between hemoglobin and proBNP concentrations in the general population. Anemia is associated with increased mortality in the elderly (26 ) and is an independent predictor of mortality in patients with heart failure (27, 28 ) , renal disease (29 ) , and stroke (7 ) . Studies have shown that oxygen extraction in ischemic tissue reaches its upper limit at hemoglobin concentrations of approximately 100 g/L (30 ) . Rapidly progressing anemia thus may induce local hypoxia at the most vulnerable regions. Previous studies have shown that myocardial hypoxia per se can induce expression of the BNP gene (natriuretic peptide precursor B) through activation of the transcription factor HIF-1␣ (31, 32 ) . Increased cardiac BNP expression could therefore be a direct result of severe or rapidly progressing anemia. In our study, we established a correlation between anemia and circulating proBNP concentrations. In this context, it is noteworthy that the individuals in our cohort did not suffer from severe anemia, and because they were not hospitalized rapidly progressing anemia was unlikely. Therefore, our results are applicable only for hemoglobin concentrations in the midrange, which accounts for the majority of anemic patients in primary care. Patients with lower hemoglobin values are often admitted to hospitals, and the influence of hemoglobin status on proBNP concentration could be more pronounced in these patients.
We tried to define causes of anemia to examine whether alternate causes would differently affect the secretion of natriuretic peptides. However, we could not detect differences between the anemic subtypes. Unfortunately, by far the largest group was the individuals with anemia of unknown cause. The only explanation possible in this context was suggested by the high creatinine concentration in anemia of unknown cause, which indicated that anemia could potentially be a result of renal dysfunction. Previous studies concerning anemia and BNP/proBNP concentrations have included patients seeking medical care owing to cardiac illness or a medical emergency. The results from these studies could therefore also be due to coexisting illness affecting proBNP concentrations. However, 2 studies conducted in "healthy populations" (33, 34 ) should not introduce this bias. In a study by Muscari et al. (33 ) , the r 2 value was comparable to our findings, indicating that the correlation of hemoglobin status with the proBNP concentration was relatively small in their study (r 2 ϭ 0.046). Furthermore, only one-fifth of the included patients were echocardiographically examined, so some of the individuals could have had cardiac dysfunction. In a study by Kanda et al. (34 ) , none of the participants were examined by echocardiography. Whether this feature of the study explains the relatively high R 2 value is uncertain, but it is nevertheless the highest reported correlation. Otherwise, the highest values are found in studies examining patient cohorts, that strongly suggest a comorbid condition affecting the cardiac natriuretic system. The present study used a processing-independent assay for proBNP quantification (25 ) . This assay measures both intact proBNP 1-108 and the 1-76 fragment NTproBNP. This approach consequently bypasses potential analytical pitfalls from disease-related changes in posttranslational propeptide processing, because both N-terminal fragments and the intact precursor molecule are quantified with equimolar potency (35 ) . The recent reports of intact proBNP in heart failure plasma suggest that increased cardiac BNP gene expression can supersede the biosynthetic capacity for proBNP maturation and lead to secretion of unprocessed precursor peptide (36, 37 ) . The commercial NT-proBNP method by Roche is calibrated with NT-proBNP 1-76, which may partly explain some of the 1.7-fold difference in plasma concentrations with this method compared to the processing-independent method. Recently, other proBNP-derived fragments have also been shown to circulate, including a truncated proBNP 3-108 form as well as glycosylated proBNP (38, 39 ) . Although we cannot directly extrapolate our findings to other methods, we believe that our results reflect biological changes in plasma proBNP concentrations, which also will affect NT-proBNP concentrations. Notably, the molecular shift from processed fragments (NT-proBNP and BNP) to the immature precursor peptide (proBNP) is reported in plasma from severe heart failure patients, who were excluded from our study in population 2.
Potential limitations of this study include selection bias, misclassification, and confounding. The study population was selected using the Danish Central Population Register and represented a random sample from the Danish adult general population for which we did not have prior knowledge of hematological status or proBNP concentration. Owing to the limited information on cause of anemia, some study participants could potentially have been misclassified into a wrong anemia subgroup, which in turn have affected the accuracy of the subgroup analyses. During data analysis, known confounders were included in all analyses, but unidentified confounders could potentially influence the results. Finally, the results from this study are applicable only to whites, because no other ethnicity was included in the Copenhagen City Heart Study.
In conclusion, mild-to-moderate anemia in the general population is associated with a 1.7-fold increase in proBNP concentrations. Hemoglobin status must therefore be taken into consideration in individuals with nonspecific symptoms and increased proBNP concentrations.
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